ABSTRACT
INTRODUCTION
Attenuation of seismic waves is an important characteristic of medium both from academic as well as exploration point of view. Seismologists use quality factor (Q) to invert earthquake source properties (e.g., Tomic et al., 2009) , characterize medium in a reservoir (Aki et al., 1982; Klimentos, 1995) , etc. Attenuation determines detectability of perforations and microseismic events in microseismic monitoring (e.g., Einspigel and Eisner, 2014) . It is also an important factor in array design of seismic monitoring networks as attenuation limits the detectability of seismic signals. Therefore different methods of inversion of attenuation were proposed. Ricker (1953) used the fact that high frequencies of a seismic signal are more attenuated. He proposed an inversion method based on seismic pulse broadening. Gladwin and Stacey (1974) proposed an analogous technique based on the change of the seismic pulse rise times. These methods are not frequently used in the seismology as they require a (active) seismic source recorded in the vicinity of the source location. On contrary, probably the most popular technique for measuring attenuation was introduced by Bath (1974) and is known as the spectral ratio method. This technique is popular both in studies of natural earthquakes as well as exploration seismology. Usually the spectral ratio is used to estimate a frequencyindependent Q factor using at least 2 receivers as the ratio of spectra between two stations eliminates the need to know source spectrum. The technique has been further developed. For example, Cheng and Kennet (2002) used the method to estimate frequency-dependent Q in the upper mantle, or Shekar and Tsvankin (2012) inverted anisotropic frequencyindependent Q factors of P-waves from perforations using a downhole receiver array. Tonn (1989) has compared several attenuation inversion methods on a synthetic vertical seismic profile (VSP) dataset and found the spectral ratio method provided robust inversion of the attenuation factors including its uncertainties even in the presence of weak noise. Another popular technique to measure the Q factor is using coda waves (known as coda Q, Aki and Chouet, 1975) . The coda Q is usually limited to measurements of S-wave attenuation but allows calculation of the frequency-dependent Q. It is frequently used in earthquake studies (e.g., Bachura and Fischer, 2015) , although Aki et al. (1982) used this method to determine properties of the hydraulically fractured geothermal reservoir. He observed a decrease of Q with increasing fluid pressure. Attenuation characterized by frequency-independent Q is also measured when inverting source parameters such as Brune's spectrum, for example Tomic et al. (2009) used the Nelder-Mead (Nelder and Mead, 1965) algorithm to determine Q. The inversion is usually based on fitting observed amplitude spectra of particle velocity of the direct S-wave and finding Q to fit the (theoretical) Brune's model spectra of particle displacement.
Microseismic monitoring of the hydraulic fracturing process is quickly developing into a new branch of seismology (Maxwell et al., 2010; Duncan and Eisner, 2010) . Hydraulic fracturing is a stimulation process mainly used in unconventional oil and gas extraction in shale and tight reservoirs (but also in conventional and geothermal exploitation). Obviously, characterization of attenuation is important for microseismic monitoring especially since microseismic events radiate at high frequencies which are more attenuated. Eisner et al. (2013) proposed a new method of the attenuation factor inversion based on the peak frequency of direct wave of a microseismic event. The technique assumes the knowledge of the shape of the source spectra and provides an easy and robust determination of the attenuation factor (Q). However, Morozov (2014) questioned applicability of such a method to microseismic monitoring suggesting the observed peak frequencies result from near-surface structures or source reverberations. Eisner et al. (2014) provided further justification for the proposed method. This study shows that the peak frequency method can be used also for downhole monitoring arrays (where nearsurface layers do not play any role) and benchmarks results of the peak frequency method with the spectral ratio technique. As stated above the spectral ratio technique does not rely on the source spectra assumption and provides robust results with measures of uncertainties. Hence the benchmark also tests the assumption of the peak frequency method on the source spectra of the microseismic events.
